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Prolonged periods of social isolation can generate an internal state that exerts profound effects on the brain and behavior.
However, the neurobiological underpinnings of protracted social isolation have been relatively understudied. Here, we review
recent literature implicating peptide neuromodulators in the establishment and maintenance of such internal states. More
specifically, we describe an evolutionarily conserved role for the neuropeptide tachykinin in the control of social isolation–
induced aggression and review recent data that elucidate the manner by which Tac2 controls the widespread effects of social
isolation on behavior in mice. Last, we discuss potential roles for additional neuromodulators in controlling social isolation and
a more general role for Tac2 in the response to other forms of stress.
Prior experience, current context, and internal state
interact to influence and control behavioral decisions
(Anderson and Adolphs 2014). One powerful internal
state affecting behavior is that produced by social isola-
tion. Prolonged periods of social isolation exert profound
effects on the brain and behavior (House et al. 1988;
Hilakivi et al. 1989; Weiss et al. 2004). Despite the
abundance of literature establishing the detrimental ef-
fects of social isolation on mental health—including an
increase in violence, depression, and mortality (House
et al. 1988)—relatively little is known about the neuro-
biology and neurochemistry underlying chronic social
isolation stress. Recent studies aimed at understanding
the neurobiology underlying social isolation have fo-
cused on short periods of isolation (e.g., 24 h) (Matthews
et al. 2016), rather than prolonged periods devoid of
social contact.
Neuropeptides and other neuromodulators are ideal
candidates to mediate internal states (Nitabach and Tag-
hert 2008; Bargmann 2012; Shohat-Ophir et al. 2012;
Taghert and Nitabach 2012; Shao et al. 2017). However,
whether there are neuropeptides that are specifically in-
volved in mediating effects of prolonged social isolation
stress is not clear. Here we discuss the role of neuropep-
tides as mediators of internal states, highlighting recent
studies from our laboratory uncovering a role for the neu-
ropeptide tachykinin-2 in mediating social isolation and
its effects on behavior in both mice (Zelikowsky et al.
2018) and fruit flies (Asahina et al. 2014).
NEUROPEPTIDES AS CANDIDATE
MEDIATORS OF INTERNAL STATE
Neuromodulators such as biogenic amines and neuro-
peptides have long been implicated as mediators of inter-
nal states (Harris-Warrick and Marder 1991; Bargmann
2012; Marder 2012; Bargmann and Marder 2013; Kenne-
dy et al. 2014). These small molecules have the potential
to exert their modulatory effect on brain circuits by acti-
vating G protein–coupled receptors, which in turn allow
for changes in neuronal excitability and dynamics, thereby
altering neural circuit function (Bargmann 2012).
Once a neuropeptide is released it is capable of diffusing
across a relatively long range (i.e., µm) to exert its effect, in
contrast to fast-acting classical transmitter release (e.g.,
glutamate, GABA, glycine), which exert their effects at
receptors only a short distance from the site of vesicular
release (hundreds of nanometers) (Fig. 1; van den Pol
2012). Given that the behavior and function of a hardwired
circuit can be altered via neuromodulatory control (Marder
2012), and that neuropeptides are able to exert their effects
in a diffuse and slow-acting manner, neuropeptidergic sig-
naling provides an attractive mechanism by which internal
state conditions can flexibly and dynamically affect behav-
ior (Hökfelt et al. 2018).
Evidence that neuromodulators regulate internal states
and behavior has been provided for a variety of species,
behaviors, and neurochemicals (Insel and Young 2000;
Bargmann 2012; Marder 2012; Taghert and Nitabach
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2012; Kennedy et al. 2014). Indeed, neuropeptides have
been implicated in everything from survival-related be-
haviors such as mating, feeding, and pain to mood, moti-
vation, and reward (van den Pol 2012). Below, we
highlight several recent examples.
Flavell et al. (2013) sought to investigate the role of
neuromodulation in feeding usingCaenorhabditis elegans
as a model organism. They examined the role of neuro-
modulators in the control of two foraging states that
C. elegans switch between—roaming and dwelling. By
combining a screen of 57 mutants lacking individual neu-
rotransmitter receptors, neuropeptide receptors, and gap
junction subunits with hidden Markov modeling of move-
ment patterns, the authors identified serotonergic signaling
and pigment dispersing factor (PDF) signaling as involved
in exploratory behavior. Subsequent molecular genetic ap-
proaches including optogenetic manipulations revealed
parallel and agonistic functions for serotonin and PDF in
the control of dwelling and roaming, respectively (Flavell
et al. 2013). Given that both dwelling and roaming are
enduring behavioral states lasting minutes, the authors ar-
gue that the slower time course of neuromodulatory sig-
naling is ideal to convert circuit-based, transiently
electrical signals to long-lasting behavior states. These
data highlight the role of neuropeptidergic signaling in
the control of persistent behavioral states.
Neuropeptidergic signaling has also been shown to con-
trol internal states that endure for hours or days. One prime
example of this is the discovery that the neuropeptide PDF
controls the interaction between pacemaker neurons in the
Drosophila circadian system (Lin et al. 2004; Nitabach
and Taghert 2008; Taghert and Nitabach 2012; Liang
et al. 2016). Lin et al. (2004) performed a series of behav-
ioral and immunohistochemical experiments in Dro-
sophila Pdf mutants to further examine the neurobiology
underlying circadian rhythms. They found that PDF is
required to ensure that pacemaker neurons maintain the
coordinated, phase-locked activity underlying rhythmic
circadian activity. The role of PDF in controlling sur-
vival-related behavioral rhythms via its action on pace-
maker neurons supports a role for this neuropeptide in
modulating long-lasting behavioral states.
TACHYKININ CONTROLS SOCIAL
ISOLATION–INDUCED AGGRESSION IN
DROSOPHILA
One internal state that exerts enduring effects on behav-
ior is that produced by prolonged social isolation. A pow-
erful effect of social isolation on behavior is to promote
aggression. This occurs across a variety of species from
humans and rodents to Drosophila (Arrigo and Bullock
2008; Wang et al. 2008; An et al. 2017). In an effort to
identify the neuromodulatory underpinnings of isolation-
induced aggression, we focused on the potential role of
neuropeptides to mediate this state and performed an un-
biased screen of peptidergic neurons and their potential
role in promoting aggression inDrosophila (Asahina et al.
2014).
The screen revealed that thermogenetic activation of a
group of male-specific, fruitless-expressing, Drosophila
tachykinin (DTK)-containing neurons (TkFruM neurons)
was sufficient to promote aggression in nonaggressive
group-housed flies. This effect was further increased
when the DTK peptide was overexpressed in TkFruM neu-
rons and combined with thermogenetic activation of these
cells (Fig. 2A). Conversely, socially isolated flies bearing
Figure 1. Amino acid (left) compared to neuropeptide (right)
transmission. The postsynaptic effects of amino acid transmis-
sion (e.g., glutamate, GABA, glycine) are fast, mediated by ion-
otropic receptors, and occur across short distances, whereas the
postsynaptic effects of neuropeptide transmission are slower, me-
diated by metabotropic receptors, and exerted at larger distances.
(Redrawn from https://quizlet.com/40608575/introduction-to-
neuroscience-flash-cards/.)
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Figure 2. Tachykinin mediates isolation-induced aggression in
Drosophila. (A) Depiction of the role that DTK plays to increase
aggression. (B–D) Quantification of normalized (B) tachykinin,
(C ) dTKR99D, and (D) dTKR86C mRNA expression by qRT-
PCR, performed onRNA isolated from the heads of group-housed
(GH) or single-housed (SH) male flies (n= 8–9 trials). Bars rep-
resent mean ± SEM. Unpaired t-tests. (***) P < 0.001; (n.s.) not
significant. (A, Reprinted from Asahina et al. 2014, with permis-
sion from Cell Press.)
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overlapping deletions in the Dtk gene showed reduced
aggression (Asahina et al. 2014). More recently, we have
found that the expression of DTK, and one of its cognate
receptors, TacR99D, is up-regulated in socially isolated
flies (Fig. 2B,C). Collectively, these data implicate tachy-
kinin as a neuropeptide involved in the control of social
isolation–induced aggression in Drosophila.
A ROLE FOR TACHYKININ IN MEDIATING
SOCIAL ISOLATION–INDUCED
AGGRESSION IN MICE
Based on the results in Drosophila, we investigated a
potential role for tachykinins in controlling isolation-in-
duced aggression in mice (Zelikowsky et al. 2018). In
rodents, the tachykinin gene family comprises Tac1 and
Tac2 (Maggio 1988). As an initial step, mice were either
isolated for a period of 2 wk or group-housed, and brains
were collected to test for up-regulation of Tac1 and Tac2.
We found that Tac2, but not Tac1, was significantly up-
regulated in multiple brain regions following social isola-
tion (Fig. 3; Zelikowsky et al. 2018).
Subsequent loss-of-function experiments showed that
perturbations of the Tac2 signaling system, including sys-
temic or intracranial antagonism of Tac2-specific Nk3R
receptors via osanetant, chemogenetic silencing of Tac2+
neurons, or Tac2 knockdown using shRNAi, attenuated
the effects of social isolation to promote aggression. Con-
versely, brain-wide chemogenetic activation of Tac2+ neu-
rons combined with overexpression of Tac2 in these same
neurons using PHP.B-AAV (a novel viral serotype that
crosses the blood–brain barrier [Deverman et al. 2016;
Chan et al. 2017]), was sufficient to cause aggressiveness
in group-housed mice. This effect was reversed by system-
ic administration of osanetant (Fig. 4). In contrast, neither
activation of Tac2+ neurons nor overexpression of Tac2 on
their own was sufficient to produce this effect.
These results are reminiscent of those obtained in flies,
in which the mere overexpression of DTKwas insufficient
to promote aggression, unless combined with the activa-
tion of TKFruM neurons. The simplest explanation for this
result is that release of the peptide is limiting for its behav-
ioral effects, such that experimentally increasing synthesis
A B
Figure 3. Social isolation up-regulates (A) Tac2, but not (B) Tac1
in mice. Tac2- or Tac1-Cre mice were crossed to Ai6-zsGreen
reporter mice, isolated for 2 wk or group-housed, and zsGreen
expression was assessed. (Modified from Zelikowsky et al. 2018,
with permission from Cell Press.)
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Figure 4. Systemic administration of osanetant reverses the gain-of-function effects of Cre-dependent, brain-wide Tac2 overexpression
combined with activation of Tac2+ neurons in group-housed mice. (A) Behavioral design. Group-housed Tac2-Cre mice were admin-
istered intravenous (retro-orbital) injections of the blood–brain barrier–penetrating viral vectors AAV-PHP.B-hSyn-DIO-Tac2-GFP and
AAV-PHP.B-hSyn-DIO-hM3D-mCherry, to overexpress Tac2 and activate Tac2+ neurons, respectively. After 3 wk, animals were put on
clozapine N-oxide (CNO) water for 2 wk and injected (i.p.) with an additional dose of CNO before each behavioral test to activate Tac2+
neurons (see Zelikowsky et al. 2018). Experimental mice were treated with an injection of osanetant (i.p.) before testing, to determine
whether osanetant could reverse the isolation-like effects produced by Tac2 neuron activation in group-housed mice. Control mice were
injected with vehicle. Mice were tested in the resident intruder assay, looming disk assay (Yilmaz and Meister 2013), or tone fear
conditioning. Mice treated with osanetant (n= 6) showed a reduction in (B) enhanced aggression, (C ) persistent freezing to the looming
disk, and (D) persistent freezing to the fear conditioned tone, in comparison to vehicle treated mice (n= 5). Bars represent mean ± SEM.
Unpaired t-tests or ANOVAwith Bonferroni-corrected post hoc comparisons. (*) P< 0.05.
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of the peptide has no effect unless there is a concomitant
manipulation performed to increase neuronal activity in
order to increase the likelihood of peptide release.
Collectively, the results in mice and flies suggest that the
tachykinin system mediates at least one of the effects of
social isolation (the increase in aggressivity) in multiple
species. If the tachykinin system indeed plays a general role
in controlling social isolation–induced aggression across
species, including humans, it raises the exciting possibility
that targeting this system may provide a promising direc-
tion for the treatment of mental health disorders related to
or caused by social isolation stress (Hökfelt et al. 2003).
Interestingly, previous studies have implicated Tac1/
Substance P in rats and cats in the control of aggression
(Siegel et al. 1999;Halasz et al. 2009;Katsouni et al. 2009).
This suggests either a species difference in the role of Tac1
in aggression (rat and cat vs. mouse) or a potential dissoci-
ation betweenTac2 andTac1 in the control of various forms
of aggression (e.g., those produced by isolation vs. those
produced by other factors, such as sexual experience
[Remedios et al. 2017] or territorial competition). Under-
standing whether the mammalian brain evolved to produce
divergent roles for Tac1 and Tac2 in mediating distinct
forms of aggression, and if so how, and why, would be an
extremely useful step toward understanding particular
forms of violence and their underlying neurochemistry.
PROLONGED SOCIAL ISOLATION IN
MICE CAUSES A GLOBAL CHANGE
IN BRAIN STATE
Social isolation has long been known to promote not
only aggression but also a variety of defensive behaviors
(Hatch et al. 1963; Valzelli 1969, 1973; Weiss et al. 2004;
Matsumoto et al. 2005; Arrigo and Bullock 2008; An et al.
2017). Most investigations have focused on one or two
behavioral changes that occur following social isolation.
In contrast, we tested a broad array of assays of defensive
behaviors and found that prolonged social isolation pro-
duced a host of maladaptive effects on such behaviors,
including increased foot-shock reactivity, acoustic startle
responding, thigmotaxis, and tail rattling, as well as persis-
tent freezing responses to a looming disk, fear conditioned
tone, ultrasonic stimulus, or rat presentation (Zelikowsky
et al. 2018).
Surprisingly, we found no isolation-evoked changes in
anxiety-like behavior using the elevated plus maze assay.
This is important because it argues against the idea that the
primary effect of social isolation is simply to promote a
state of anxiety. In addition, we found that mice spent less
time interacting with a novel mouse in a social interaction
assay. These later data distinguish our findings from those
reported by Matthews et al. (2016), wherein mice isolated
for 24 h showed an increase in social interaction when
presented with a novel mouse following isolation. These
data highlight a potential difference between short periods
of social isolation (e.g., 24 h) compared to chronic social
isolation (e.g., 2 wk), wherein maladaptive effects on so-
cial interactions may begin to emerge.
This widespread effect of social isolation on many fac-
ets of behavior suggests that prolonged social isolation
generates an internal state that in turn exerts influences
over multiple behaviors. Because these behaviors are
known to be mediated by different brain regions, it follows
that the “state” produced by social isolation must be able
to exert its influence via effects on multiple brain regions.
Indeed, when we examined the expression of Tac2 in
socially isolated mice using a variety of genetic, molecu-
lar, and immunohistochemical approaches, we found that
Tac2 was up-regulated across a variety of brain regions
involved in emotional processing, including the central
amygdala (CeA), dorsal bed nucleus of the stria ter-
minalis, anterior division (dBNSTa), and dorsomedial
hypothalamus (DMH) (Zelikowsky et al. 2018). This iso-
lation-induced, widespread up-regulation of Tac2 is con-
sistent with the idea that social isolation generates a global
brain state that involves coordinated changes in a variety
of brain regions. As described below, our results identify
Tac2 as contributing to the neurochemical basis of this
internal state, by acting independently in multiple brain
regions to influence different isolation-induced behavioral
changes. Collectively, these findings tell us that the expe-
rience of social isolation changes brain chemistry pro-
foundly, in a way that affects multiple behaviors.
Tac2 ACTS IN A DISTRIBUTED MANNER
TO CONTROLTHE BRAIN STATE PRODUCED
BY ISOLATION
The study of internal states has often focused on one
state, one brain region, and one behavior. For example,
psychologists often describe a “central motive state,”
thought to reside in a particular brain region, which coor-
dinates a motivated behavior or set of behaviors. It is
tempting to think that such a central state would be imple-
mented via a single, coordinating brain structure, in either
a hierarchical or hub-and-spoke-like manner (Fig. 5).
However, we found that social isolation stress caused an
up-regulation of Tac2 across a number of brain regions, in
parallel. These findings suggested that Tac2 could be func-
tioning in a more distributed manner to control the internal
state produced by isolation (Fig. 5).
To test this, we performed a series of multiplexed, focal
loss-of-function experiments examining the necessity of
Tac2 signaling in social isolation stress, and found that
Tac2 signaling in different brain regions controlled distinct
isolation-induced behaviors. More specifically, in the
dBNSTa, CeA, and DMH, Tac2 mediated persistent freez-
ing to innate and conditional fear stimuli, acute freezing to
a fear stimulus, and enhanced aggression, respectively
(Zelikowsky et al. 2018). Importantly, we found a triple
dissociation for the role of Tac2 in each of these regions,
suggesting that Tac2 works in a distributed manner to
mediate social isolation stress.
This finding of distributed control of brain state by Tac2
contributes to a changing view of the architecture of in-
ternal states controlled by peptide neuromodulation. In-
stead of acting in a unitary, central locus that serves as the
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hub of the state produced by social isolation, we find that
the peptide mediates the effect of the state by acting in a
distributed manner, creating a brain-wide neurochemical
web that encodes and controls the effects of social isola-
tion stress. Precedent for such a distributed architecture of
neuropeptide control has been seen in other systems, such
as the influence of PDF on circadian circuits in flies (Lin
et al. 2004; Dubowy and Sehgal 2017).
One evolutionary advantage of having an internal state
comprised of a neurochemical web across the brain, rather
than residing in a central hub, is that it allows for a variety
of different, potentially unrelated behaviors to be coordi-
nated but independently controlled. For example, the lack
of strong reciprocal connectivity between Tac2+ cells in
DMH and CeA/dBNSTa (Zelikowsky et al. 2018) implies
that Tac2 functions independently in these regions. There-
fore, the cooccurrence of persistent fear and enhanced
aggression during social isolation reflects a coordinated
up-regulation of Tac2 in these distinct brain regions. The
mechanisms underlying these coordinated changes in
Tac2 expression remain to be elucidated.
CRH, Tac2, AND SOCIAL ISOLATION
Although Tac2 clearly plays an important role in pro-
longed social isolation stress, our data do not exclude the
possibility that additional signaling molecules play a role
in controlling this form of stress. One such candidate mol-
ecule is corticotropin releasing hormone (CRH). Given
CRH’s well-known role in mediating stress (Kormos and
Gaszner 2013; Witkin et al. 2014; Kash et al. 2015; Chen
2016), it is natural to think that it too might underlie the
effects of prolonged isolation stress.
As a first step toward examining the respective roles of
CRH and Tac2 in mediating effects of social isolation, we
performed dFISH analyses and found that ∼50% of cells
across dBNSTa and CeA coexpress Tac2 and CRH, where-
as virtually no Tac2+ cells in DMH express CRH. There-
fore, in the case of social isolation–induced aggression
(which is mediated by DMH), it is unlikely that local
up-regulation of CRH contributes to the effects of Tac2.
However, with respect to defensive behaviors mediated by
dBNSTa and CeA, the data raise the possibility that CRH
may act genetically upstream or downstream from Tac2 to
control the effects of social isolation stress on behavior.
Further epistatic experiments testing whether activation of
one system in group-housed mice could be reversed by
antagonism of the alternate system will be required to
elucidate the relationship between Tac2 and CRH in con-
trolling the behavioral effects of social isolation.
One interesting possibility would be that CRH controls
the acute effects of stress, whereas Tac2 controls the more
long-term effects of social isolation. This would be con-
sistent with the prevailing view of CRH in controlling
acute stress (Chen 2016), and it would also explain why
CRH antagonists have failed at relieving the effects of
long-term stress in clinical trials (Spierling and Zorrilla
2017).
Tac2 AND OTHER FORMS OF STRESS
In this review we have highlighted the role of Tac2 in
mediating social isolation stress. However, these data do
not preclude the potential of Tac2 to mediate responses to
other stressors. Indeed, a number of pieces of data support
this idea. First, we found that the effects of unpredictable
footshock to promote persistent freezing to a looming disk
was attenuated by administration of osanetant (Zelikow-
sky et al. 2018), which antagonizes Nk3Rs. Second, data
from Ressler and colleagues (Andero et al. 2014, 2016)
implicate CeA Tac2 in the influence of immobilization
stress on fear memory consolidation. Collectively, these
data point to a potential role of Tac2 in mediating the
effects of multiple forms of stress.
One interesting possibility is that Tac2 plays a role in
mediating prolonged or repetitive forms of stress, rather
than acute or singular episodes of stress. Importantly, we
found that as the duration of social isolation stress in-
creased, Tac2 expression increased in parallel (Zelikowsky
et al. 2018). Similarly Andero et al. (2016) found that Tac2
expression in CeAwas enhanced following repeated epi-
sodes of stress (immobilization stress followed by fear con-
ditioning) comparedwith just a single stressful experience.
Further experiments contrasting various forms of acute and
prolonged stress would be required to test this idea.
CONCLUSION
Neuropeptides provide ideal candidates for integrating
environmental, contextual, and experiential factors, medi-
Figure 5. Models for potential neuropeptidergic control of behavior. A neuropeptide may control behavior via a (A) hierarchical, (B)
hub-and-spoke, or (C ) distributed model. (Adapted from Zelikowsky et al. 2018, with permission from Cell Press.)
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ating internal states, and translating these effects into
behavioral output (Hökfelt et al. 2000). Here we review
the role of Tac2 in controlling the effects of prolonged
social isolation stress on behavior, identifying a similar
role for this molecule in Drosophila and mice in the con-
trol of isolation-induced aggression. We describe the dis-
tributed and dissociable manner by which Tac2 mediates
the behavioral effects of social isolation in mice, fur-
thering the idea that internal states may be formed by
neuropeptidergic “webs” rather than residing in regional
“hubs.” Importantly, we highlight the notion that Tac2
may be one of a number of neuromodulators controlling
social isolation, and that Tac2 may play a more general
role in stress. We believe that further investigation of Tac2,
as well as of other neuromodulators underlying social
isolation stress, will provide critical advances toward un-
derstanding the complex state produced by isolation. This
in turn may reveal potential approaches toward the treat-
ment of isolation-induced or comorbid mental health
disorders.
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